Abstract-We present simple and accurate relations for the study of parallel and curved tunable single-mode fiber directional couplers employing step-index or graded-index fibers. Analytical results for the various coupler parameters such as coupling coefficient, effective interaction length, tunability, and channel wavelength separation in directional coupler wavelength filters are presented. These results must prove very useful for an easy, quick, and accurate prediction or design of tunable single-mode fiber directional couplers.
I. INTRODUCTION S
INGLE-MODE fiber directional couplers using evanescent field coupling between two adjacent singlemode fibers are important devices finding wide applications such as power division, all fiber interferometric sensors [1] - [4] , and wavelength filters [5] . The analysis for step-index [6] and graded-index [7] single-mode fiber directional couplers have already been carried out using coupled mode theory, where the two interacting fibers have been assumed parallel to each other. In such types of directional couplers, the coupling coefficient is constant and complete power transfer occurs when the phase velocities in the two fibers are perfectly synchronized and the interaction length is precisely equal to a coupling length. This implies stringent tolerances in the design and fabrication of such types of couplers [8] . On the other hand, by gradually increasing the separation between the fibers, all or a desired fraction of the power may be transferred from one fiber to the other in the strong interaction region, beyond which the power transfer becomes negligibly small [SI. Thus by controlling the separation between the fibers along the length, these couplers can be made to function as power dividers, wavelength filters, and other devices. In addition, while fabricating directional couplers using polishing techniques, such a curvature also gives additional mechanical stability [9] . The analysis for curved step-index fiber directional couplers has recently been reported [5] , [9] , where different coupler characteristics such as coupling length, effective interaction length, coupled power as a function of transverse offset, and channel wavelength separation for wavelength multiplexing have been worked out by using coupled mode theory. In a recent publication [7] , a simple relation describing the variation of coupling coefficient with fiber separation in parallel graded core fiber directional couplers was given. It was shown that the relation was quite accurate in the practical range of various coupler parameters.
In this paper, we show that a similar relation can also be used for homogeneous core fiber directional couplers and show that it is very accurate in the practical range of parameters. We also show that the simple analytical relation can be used to derive relations describing important characteristics such as effective interaction length, tunability, and channel wavelength separation in wavelength filters in curved graded-index or step-index fiber directional couplers. A comparison with the more involved calculations of Digonnet and Shaw [SI, [9] shows that the relations developed here can indeed be used for predicting very accurately the characteristics of curved fiber directional couplers. These relations must prove very useful for an easy, quick, and accurate prediction or design of tunable fiber directional couplers using step-index or graded-index single-mode fibers.
II. THEORY
It is well known that in the case of weak coupling, the coupling coefficient K, between two identical single-mode parallel step-index fibers with constant spacing d, is given by [61
where X is the free space signal wavelength, n 1 and n 2 are the core and cladding refractive indices, respectively, of the fiber, a is the fiber core radius, d' is the distance between fiber axes, and K, are the modified Bessel functions of the second kind of order v. The parameters U and W are the transverse mode parameters and satisfy
where Vis the normalized frequency given by
The coupling length L C is related to the coupling coefficient K through the relation
In order to obtain K for a given directional coupler from (l), one has to first solve the step-index fiber transcen-dental equation for a given V from which one obtains W and U. In addition (1) is valid only for step-index fiber directional couplers. In a recent publication [7] , we considered the coupling between two parallel identical graded core single-mode fibers having the refractive index profiles n\r) = n\ r < a n\{\ -6) = n;, r I a
where 6 is the grading parameter and q is the profile parameter. For such a directional coupler having a fiber center-to-center spacing of d, it was shown that K can be described quite accurately by the following expression: where
and K~ is the coupling coefficient of a parallel fiber directional coupler consisting of the same fibers with a separation equal to the minimum separation between the fiber centers, and L represents the effective interaction length. We now consider a directional coupler structure consisting of two curved fibers having radii of curvatures R with minimum center-to-center spacing d o (see Fig. 1 ). Using a parabolic approximation, the center-to-center spacing d(z) between the two fiber centers at position z along the coupling region can be expressed as
where y is the lateral offset between the fibers (in a direction perpendicular to the plane of Fig. 1 ) and z is measured from the point of minimum separation between the fibers. For such a coupler structure, substituting for K from (5) and d(z) from (10) into (9) and integrating we get It has been shown [5] that the fiber directional coupler can be used as a wavelength filter. One of the most important characteristics of a wavelength filter is the channel wavelength separation which is the separation between two input wavelengths which are such that when one of them is in the parallel state at the output of the directional coupler, the other one is in the cross state. This would imply that the two signals at these two wavelengths can be separated or mixed with maximum efficiency after passing through the coupler. This would happen when sin 
and C'= --2c 3 V).
III. RESULTS AND DISCUSSION
In order to check the accuracy of our analytical approximate formulas, we have plotted in Figs. 2-7 tics. Fig. 7 shows that the channel wavelength separation Ah can be tuned by varying the transverse offset y. The results given here can be used to study both gradedindex and step-index fiber directional couplers just by choosing proper values of various coefficients a i , bi, and c i (i = 1, 2, 3) from [7] for graded-index fibers and from (7) for step-index fibers.
We must mention here that in the calculation of coupled power (q), the error in q increases with the number of coupling lengths in the coupler, since even small errors in K~ and L may lead to large errors in q if K~L » ir/2. On the other hand, most directional couplers work with about one coupling length. In addition, our analysis has been made under the weakly guiding approximation in perfectly circular core isotropic fibers and hence polarization effects do not appear. For directional couplers fabricated with such fibers, polarization effects are expected to be very small as was shown experimentally in [9] .
IV. CONCLUSION
In summary, we have presented simple and accurate analytical expressions for the study of important fiber coupler characteristics such as coupling coefficient, effective interaction length, tunability, and channel wavelength separation in wavelength filters in curved, step-index, or graded-index fiber directional couplers. These analytical expressions must prove very useful for an easy, quick, and accurate prediction or design of tunable fiber directional couplers.
